were all unaffected (n ϭ 6). To be sure that appending Here we report a novel activity-independent homeo-GFP had no effect, we carried out parallel measurements with both shal-GFP and shal RNA injections into the PD
tistically significant differences were seen, and we exogenous Shal was slightly different than the endogenous current, probably due to the failure to upregulate pooled these results in our quantification of the effects of shal injection. a regulatory subunit for Shal (Y. Zhang, J.N. MacLean, W.F. An, and R.M. Harris-Warrick, unpublished data).
Each ganglion contains two PD neurons with identical electrophysiological properties; thus, one PD neuron
This increase in I A was slow to develop in PD neurons; it was first detectable at 48-60 hr after RNA injection can act as a control (injected with either fast green alone or GFP RNA in fast green) for the shal-GFP-injected cell, and increased until 72 hr. allowing paired measures within a ganglion. In noninjected or fast green-injected PD neurons, there were Subtle Effects of Shal Overexpression on Rhythmic Activity and Intrinsic no significant changes seen in the peak I A amplitude, voltage dependence, or kinetics of the current at 0 or
Firing Properties
In preparation for our experiments studying the physio-72 hr in culture (n ϭ 10; see also Baro et al. 1997 for acute PD I A parameters). Seventy-two hours after successful logical consequences of manipulating shal expression, we established an organotypic culture system of the injection of shal-GFP RNA (seen by GFP fluorescence, n ϭ 19) or shal RNA (seen with anti-Shal immunoreactiv-STG with maximal physiological stability. Culturing STG neurons with altered modulatory inputs can modify the ity; n ϭ 10), a dramatic increase in I A amplitude was observed compared to control neurons from the same complement of active ionic currents (Turrigiano et al., 1994) . To avoid this, we cultured the STG with the approganglion ( Figure 1A) . Expression of exogenous Shal led to an increase between 42% and 102% in I A amplitude priate motor nerves and associated commissural and esophageal ganglia attached (Thoby-Brisson and Simacross the membrane potentials examined ( Figure 1B ), corresponding to an average increase in the maximal mers, 1998; see Experimental Procedures). Baseline pyloric activity remained stable for at least 3 days in culture conductance, g max , from 2.9 Ϯ 0.6 S in control neurons to 6.9 Ϯ 1.6 S in shal-injected neurons (p Ͻ 0.001).
with this approach; the only parameter that was significantly affected by culturing was the number of spikes The voltage dependence of I A in PD neurons expressing per burst, which decreased by 33% after 72 hr in culture ( Figure 1D ).
Since modest (10%-25%) changes in I A significantly change the firing properties of STG neurons (Tierney and Harris-Warrick, 1992; Kloppenburg et al., 1999), we expected that overexpression of shal or shal-GFP would also alter the firing properties of individual PD neurons. Surprisingly, we found only subtle changes in PD electrophysiological activity after Shal or Shal-GFP expression. (Figure 1C ). When we quantified the parameters of PD activity in the pyloric rhythm 72 hr after injection, the cycle frequency, oscillation amplitude, minimal membrane potential, slope of the rising phase of the oscillation, and spikes per burst, all factors that are affected by I A amplitude (Tierney and Harris-Warrick, 1992), were not significantly changed after shal expression ( Figure 1D) .
We recorded the PD neuron activity at 8 hr intervals from the time of injection to the final recordings at 72 hr. At no time did the shal-injected PD neuron show any in I A and I h , or whether injection of shal RNA induces a n ϭ 4), not significantly different from the instantaneous nonselective upregulation of other ionic currents, we current in control neurons (16 Ϯ 10 nA; p ϭ 0.7), which measured three other currents in control and Shal-GFPwas itself not sensitive to Cs ϩ (n ϭ 3; see also Kiehn expressing PDs: the voltage-dependent calcium current and Harris-Warrick, 1992). In addition, the extrapolated I Ca , the calcium-dependent potassium current I K(Ca) , and reversal potential of the Cs ϩ -sensitive current was the the noninactivating voltage-activated potassium current same as that for I h . This suggests that the enhanced I K(V) . We made these comparisons using pairs of PD neuinstantaneous current in Shal-overexpressing PD neurons from the same ganglion to reduce interindividual rons arises from an increase in I h that is active at the variability. holding potential. While the functional role of activity-independent homeoat a step after transcription, as it is not affected by ACD stasis in normal function is not known, several possibiliat concentrations that block transcription in crustaties can be envisioned. During development, neurons ceans by over 90% (Eads and Hand, 1999; Thoby-Brisoften achieve adult firing patterns while they are small, son and Simmers, 2000). Second, the increase in I h amand undergo dramatic increases in volume and surface plitude relies on translation of shal RNA, because when area while maintaining the same electrophysiological the injected shal or shal-GFP RNA was not successfully properties. A mechanism for coordinating the exprestranslated, there was no change in I h . Further, although sion of ionic currents could help to maintain this physioall neurons were injected with approximately the same logical homeostasis. During normal activity, the neuron amount of shal RNA, there is a linear relationship beis exposed to a continually changing pattern of modulatween the varying amount of I A (which is likely related tory input, which could change gene expression in ways to the amount of protein made) and I h ( Figure 3E ). Third, that would eventually move its firing pattern out of the the increase in I h is not dependent on any actual increase normal range; an activity-independent homeostatic in functional I A , since equivalent increases in I h were mechanism could combine with activity-dependent seen after injection of the mutant shal RNA that did not mechanisms to actively constrain activity within the noralter the level of I A . Thus, it appears that the increase in mal range, promoting stability of information transfer. It I h only requires the presence of increased Shal protein is possible that activity-dependent and activity-indein the cell. pendent mechanisms may be also activated in disease Several mechanisms could explain how I h increases states, or in response to chronic drug use, in attempts to in response to an increase in Shal protein. One possibilretain relatively normal neuronal activity under changed ity is that increased Shal protein could trigger a postconditions. In all of these examples, plasticity in ion translational modification (such as phosphorylation) to channel expression serves the purpose of maintaining activate existing but inactive I h channels. Another possistability in neuronal firing properties and preventing runbility is that increased Shal proteins could enhance away changes that could be deleterious. membrane insertion of a preexisting depot of I h channels. We consider both of these possibilities to be un- 
